This paper describes the design, simulation, fabrication and test results of a novel MEMS two axis accelerometer, which is based on piezoresistive detection. This kind of sensor consists of four vertical cantilever beams with attached plastic cylinder in the center of the structure. A simplified analytical model is established to describe the accelerometer's mechanical behaviour. Finite element modelling is also conducted to verify the analytical model and evaluate the performance of the micro accelerometer. The fabrication of the accelerometer is completed by means of the silicon-oninsulator (SOI) wafer with MEMS technology as well as plastic molding processing. By locating the piezoresistors logically formed the Wheatstone bridge; this sensor can detect two components of acceleration simultaneously. The experiments on sensitivity and frequency response are performed by using a vibrating table, and the results are presented and compared with the theoretical values. The experimental results show that the X and Y axis sensitivities of the micro accelerometer are 1.1177 mv/g and 1.0531 mv/g, respectively. The frequency response gives a straight and smooth line and the measured resonance frequency is 713.2 Hz. Comparison of the results obtained from the experiments, analytical model and finite element simulation shows good agreement.
INTRODUCTION
MEMS (Micro Electromechanical Systems) based accelerometer is one of the most important types of the mechanical silicon sensors, since there have been large demands for accelerometers in automotive applications, where they are used for crash detection, and for vehicle stability systems. In addition, due to small size and light weight, they are also used in biomedical and robotics applications for active motion monitoring, and in consumer for stabilization of pictures in camera, head-mounted displays. These accelerometers have been developed based on piezoelectric, 1 capacitive, 2 piezoresistive 3 and other sensing principles. Each approach has its own inherent advantages and drawbacks.
Piezoelectric accelerometers have the advantages of low cost, simple structure, easy integration with electronic circuitry, wide frequency response and high sensitivity, and * Corresponding author; E-mail: shangchen99@163.com have a fast response but do not respond to a constant acceleration, 1 4 5 and it is difficult to operate below low frequency. Capacitive accelerometers have a dc response, a low drift and are very low-temperature insensitive, but the detected signal is difficult to measure because of the parasitic capacitance of connecting leads. 6 Piezoresistive accelerometers suffer from dependence of temperature, but have simplicity of the structure and batch-fabrication process, as well as a dc response, simple readout circuits, ability to meet the requirement of high reliability and low cost in addition to the potential for mass production. [7] [8] [9] [10] Over the years, multi-axis of motion sensing devices is high in demand in many applications. 11 The miniaturized multi-axis accelerometer is eagerly required because of the extremely small size, which allows for easy installation in inaccessible areas or on small electronic assemblies and low cost.
Generally, the sensitivity of piezoresistive accelerometers is not as high as that of the capacitive and tunneling accelerometers. Sensitivity of piezoresistive sensors can be
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increased by using high value gauge factor materials. 12 Another possible means to improve the sensitivity of piezoresistive sensors is through new innovative designs. 13 In this study, a novel two axis micromachined piezoresistive accelerometer with 8 p-type piezoresistors is presented. It is desirable that the application of ingenious structure of the sensor may improve the sensitivity. Both the static and dynamic behaviors of the microaccelerometer have been analyzed, and the analytical and computational models are developed and the results are compared. Using the analytical model, as well as the piezoresistive effect of silicon, the sensitivity of the accelerometer is evaluated. The fabrication of the accelerometer is completed on silicon using MEMS technology, and the frequency response and sensitivity are respectively tested at last. The results obtained from analysis and experiment show excellent agreement.
DESIGN OF THE ACCELEROMETER
The three dimensional (3D) model of the proposed two axis acceleration sensing element is shown in Figure 1 . The sensing element is made of Si, with a plastic cylinder a center block is attached and suspended at the middles of the four surrounding beams, which themselves are fixed to the "rigid" frame at the ends. The Si piezoresistors formed by diffusing boron ions at the suitable places on the surface of the Si sensing beams are patterned into two transducer elements, thus eight piezoresistive transducers are arranged on four beams symmetrically to form the sensing devices in the structures. The stresses of the two piezoresistors elements are in the opposite directions due to bending of the beam, i.e., one is subjected to tensile stress and the other compressive stress.
When an external acceleration is applied to the sensor, the plastic cylinder will be displaced due to the inertial force. This movement of the plastic cylinder makes the beams deformed; as a result, the resistance of Si piezoresistors will be changed. When there is incentive direct current, the change of resistance will be converted to an output voltage change by a Wheatstone bridge.
In order to decide the optimal positions of the piezoresistors in the sensing beams, it is necessary to perform structural analysis. The structural analysis of the accelerometer was done under two steps. Firstly; Analytical analysis was done by classical elasticity theory for rough estimation of sensor dimensions. Secondly, this model was analyzed by a finite element method (FEM) to investigate more comprehensively stress field in the structure, to determine the motion of the plastic cylinder, the location of the piezoresistors. The results obtained from the analytical model and finite element model are compared.
Theoretic Modelling
The static behavior of the accelerometer is simply determined by the plastic cylinder and by the stiffness of the beam suspension. An acceleration acting on the plastic cylinder and the center block will result in an inertial force, causing the center block to circumvolve, until the counter force of the beam suspension equals this inertial force. As for the analysed acceleration, a is the half length of the center block; L, b, t the length, width, and thickness of the beam; r, h the radius and height of the plastic cylinder.
The following assumptions are made in establishing the mechanical model of the microaccelerometer: 1. Compared with the plastic cylinder, the effective mass of the supporting beams and center block are very small and can be ignored; 2. The Si layers are elastic and obey Hooke's law; 3. The plastic cylinder and rim of the structure are rigid.
When the plastic cylinder is subjected to a normal horizontal acceleration, it will deform into a deflection curve, the forces and moments applied to the structure are shown in Figure 2 (a). The forces and bending moment M can be expressed as follow:
Where F X is the horizontal force on the plastic cylinder caused by the horizontal acceleration. F H is the horizontal reaction force on the beam and center block.
As for the beam, the situation of Figure 2 (c) is applicable. If we consider the rim and center block to be much stiffer than the beam, then the bending moment M x in the beam at location x is given by
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Where E is Young's modulus and I is the second areamomenturn, which is determined by the shape of the beam cross section. For a rectangular shaped beam of width b, I is given by
The beam deflection and angle have follow connection at x = L in case of a normal acceleration is given.
Therefore,
As for the center block, the situation of Figure 2 (b) is applicable.
The bending moment M x in the beam at location x can be solved when combining Eqs. (3), (8) and (9):
So the stress x in the beam at location x undergoing the action of M x can be found:
Where, W = bt 2 /6 is the strength for section modulus of the beam.
The elastic stiffness K at any point in the beam is given:
Where K 1 is the corresponding curvature of displacement movement as a result of the force, K 2 is the corresponding curvature of displacement movement as a result of the bending moment, K 3 is the corresponding curvature of rotational movement as a result of the bending moment, K 4 is the corresponding curvature of rotational movement as a result of the force.
As for the center block as shown in Figure 2 (b):
According to Eqs. (2) and (17), F x can be expressed by:
So,
Where,
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Where, d i = d s /l w i denotes the displacement in the Z direction and i = d s /l denotes the angle of rotation of the deflection curve. Consequently, according to Eqs. (13), (14), (15), (16), (20) , the equation of stiffness of the system takes the following form:
So, the natural frequency is given by
Inspection of Eqs. (12) and (22) show that the structural parameters, L, b, t, a, and h influence the bandwidth and device sensitivity in opposite ways: long, thin and narrow beam and a short, thick and wide center block with high cylinder leads to an accelerometer of little bandwidth but high sensitivity.
Finite Element Model
The structure parameter of the accelerometer is designed according to Eqs. (12) and (22) . To verify the accuracy of the above simplified analytical model and evaluate the performance of the designed micro accelerometer, finite element modelling of the designed structure is conducted in this section.
The geometry of the accelerometer structure used for our modeling is given in Table I .
Generally, the two important parameters in evaluating accelerometer sensors are sensitivity and operating frequency range. Sensitivity can be defined as the generative charge per applied acceleration. Operating frequency range is the flat frequency response region below the fundamental resonance frequency of the sensor.
Static Behavior of the Micro Accelerometer
We used 45 solid, three-dimensional elements. All the elements are standard cuboids; the ratio between length, width, and height is nearly 1:1:1. FEM model of the accelerometer is densely meshed in the beams to better resolve the stress distribution there. 
FEM Analysis of Dynamic Behavior of the Micro Accelerometer
The dynamic characteristics of the designed micro accelerometer are also studied. A very significant step of dynamic analysis is the modal analysis which is used to determine the mode shapes and the natural frequencies of the structure that are important in the design of a model for dynamic analysis. The dependence of the natural frequency of the micro accelerometer on the device geometry is calculated by both analytical equation and finite element modeling. The results are plotted in Figures 5-8 , and show that 
Xue et al.
Development of a Novel Two Axis Piezoresistive Micro Accelerometer Based on Silicon than the results by analytical natural frequency. With the decrease of length of beam and height of the cylinder structure, the accelerometer resonant frequency decreases; while with the increases of width and thickness of the beam, resonant frequency increases. Theoretically, there are numerous vibration modes for a beam-mass structure. However, only the fundamental vibration mode with the lowest natural vibration frequency is usually important for most practical applications as the natural vibration frequencies for the others are higher than the basic one. The natural frequencies from the first to sixth mode are listed in Table II and the corresponding mode shapes are shown in Figure 9 .
In the first mode, the cylinder is bending along the Y -direction. The mode of the beams in Y -direction is a bending mode, and the mode of the beams in X-direction is a torsional mode. The same is to the second mode but with opposite direction. In the third mode, beams have the same deformation. The fourth mode to sixth mode, which have frequencies over 30 kHz, have little effect under a relatively low driving frequency, so the first mode (702.0) and the second mode (702.3) play the major role on the output charge, both them are the operation frequency of the structure. They are far from the third frequency (3042 Hz) and the fourth frequency (34534 Hz).
Location of Piezoresistors
Based on the stress distribution in the crossbeam derived from FEM analysis and the classical elasticity theory presented above, piezoresistors to measure each component of acceleration are arranged on the sensing beams so as the longitudinal stress induced by that acceleration is largest there. Therefore, the piezoresistors of the structure can be located at these places of the beam where the stress profile is optimal (single sign and uniform distribution), see Figure 10 .
The piezoresistors on the beams can be divided into two groups: one group (R 1 -R 4 ) is only sensitive to the X-axis acceleration; another group (R 5 -R 8 ) is only sensitive to Y -axis acceleration. When there is X-axis acceleration applied, the piezoresistor values of R 1 and R 3 will increase while R 2 and R 4 will decrease. By contraries, the piezoresistor values of R 2 and R 4 will increase while R 1 and R 3
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Measurement Circuits
In most cases, Wheatstone bridges are being used for the measurement of resistance change of piezoresistors on sensors. 15 Identical 8 p-type piezoresistors have been interconnected to form two Wheatstone full bridge circuits on the beam structure as shown in Figure 11 . The Wheatstone bridges to measure the accelerations Ax and Ay are similar and denoted by Ax-bridge and Ay-bridge. The change in resistance of piezoresistors is converted to output voltage by these bridges.
At a non-stress state, the output voltage of the Ax-bridge is given by
Where V in is the input voltage. At this non-stress state, RAx1 = RAx2, and the bridge is said to be balanced. When the resistances of piezoresistors are changed, the output voltage of the Ax-bridge and Ay-bridge are given by
When Equation (24) can be approximated by:
Sensitivity Estimation
The sensitivity of the accelerometer can be defined as the ratio between the output voltage and the applied acceleration. The piezoresistors of one bridge are designed to be identical. The piezoresistance effect is defined as change in electrical resistivity of solids when subjected to stress fields. The piezoresistive effect of conventional single crystalline piezoresistors can be simplified expressed as below:
16-18
Where R/R is the relative change of resistance due to the normal stress i (i = 1 2 3). Therefore, only one piezoresistance coefficient 11 is important. 19 11 corresponding to the case the stress parallels with the direction of electric field and current density, thus it is called the longitudinal piezoresistance coefficient, denoted by l . Thus, Eq. (26) can be rearranged as follows
Ignoring extremely small dimensional changes of the piezoresistors, l is constant and its value in the two crystal directions (110) and (110) Therefore, Eq. (27) can be expressed by
The sensitivities to each components of acceleration Ax and Ay can be respectively expressed as:
Where S Ax , V outX and S Ax struct are the sensitivity to the acceleration Ax, output voltage of the Ax-bridge, and structural sensitivity to the acceleration Ax, respectively. V in is the input voltage.
Where, the longitudinal stress at the piezoresistor Rx due to the application of acceleration Ax can be expressed as:
Combining Eqs. (2), (11), (31), (32), (33) and (34), the sensitivities to the acceleration Ax can be expressed as:
It is Similar for Ay. With the structural analysis results presented above, and assuming that X = 900 m is the equivalent center of the place where the piezoresistors displace. V in = 3 V and 44 = 143 6 × 10 −5 MPa, [20] [21] [22] the sensitivities are calculated to be: S Ax = S Ay = 1 2 mv/g.
MEASUREMENTS AND RESULTS
The fabrication of the accelerometer consists of the processing of four-beam micro-structure and the manufacture of plastic cylinder. The rigidity plastic cylinder can be easily achieved by plastic molding processing. The four-beam micro-structure is manufactured by means of the silicon-on-insulator (SOI) wafer with MEMS technology. The microphotograph and SEM of the fabricated accelerometer are shown in Figures 12 and 13 respectively.
All the measurements are carried out by using a vibrating table to characterize the prototype accelerometer. For the dynamic measurement on the vibrating table, housing box was screwed onto the head of the table. The sensitivity was measured either statically by turning the accelerometer in the gravitational field, or dynamically on the vibrating table. 23 24 The setup includes a vibration controller, the prototype accelerometer and a reference accelerometer. The reference accelerometer used for the comparison tests is an Endevco model 702 accelerometer that was precalibrated at the factory. Both the reference and test accelerometers are rigidly attached back-to-back to an anvil for shock tests. The characterization sequence is as follows:
(1) Frequency response measurement-Throughout the experiment the linear acceleration generated by the shaker is monitored by the reference accelerometer, and held constant. The forced vibration frequency is altered and the prototype accelerometer output is recorded. (2) Sensitivity measurement-This measurement employs forced vibrations in a frequency that is much lower than the natural frequency, thus in the flat frequency response domain. The vibration intensity is changed and the acceleration is measured by the reference accelerometer. The output of the prototype accelerometer is also recorded. Figure 14 shows the frequency response of the piezoresistive accelerometer in response to X-axis vibrations in the field from 5 Hz to 2 kHz. The resonant frequency of this axis is 713.2 Hz.
In Figures 15, 16 , the output voltage as a function of the acceleration with a 3 V bridge voltage is shown. As is evident from the plot, the unamplified sensitivities of the accelerometer are 1.1177 mv/g and 1.0531 mv/g for X-axis and Y -axis acceleration, respectively. The linearity of the micro accelerometer is 0.99992 and 0.99986, respectively. The cross-sensitivity is less than 6.1%. The measured data of the sensitivity of accelerometer is good agreement with the calculated data (1.2 mv/g). The calculated and measured data of the natural frequency of accelerometers are summarized in Table III . From the data presented, we can observe that the values of the natural frequency calculated using the analytical approach are higher than the measured values. One possible reason is that the analytical method assumes the ends of beams to be rigidly clamped. Using FEM analysis, better agreement with the observed values can be seen (numerical modelling could better reproduce the experimental set-ups).
CONCLUSIONS
A micromachined piezoresistive accelerometer with high sensitivity is designed, modeled, fabricated and tested in this work. A novel structure design is presented and optimised. The key feature of this design is to use a plastic cylinder attached in the center block to yield large displacements while using an axial deformation element to measure the stress. A simplified analytical model is established to describe the accelerometer's mechanical behaviour. Finite element modelling is also conducted to verify the analytical model and evaluate the performance of the micro accelerometer. The analytical results on the devices are in good agreement with the results simulated by FEM. This suggests that analytical results can be a fairly reliable guide to the design and calculation of the accelerometer structure. From the modelling results obtained, this new design showed a very good potential in improving the accelerometer's sensitivity. The static study found that increasing the width or thickness of the beam, decreases the accelerometer sensitivity. Increasing the length of the beam or the height of the cylinder increases sensitivity. The estimation of the stress distribution also provides a guideline in device design for device reliability.
The four-beam micro-structure and plastic cylinder are fabricated by means of the silicon-on-insulator (SOI) wafer with MEMS technology and plastic molding processing respectively. The sensitivity and frequency response of the prototype accelerometer are measured by using a vibrating table. The unamplified sensitivities of the accelerometer are 1.1177 mv/g and 1.0531 mv/g for X-axis and Y -axis acceleration, respectively. The linearity of the micro accelerometer is 0.99992 and 0.99986, respectively. The frequency response gives a straight and smooth line and the measured resonance frequency is 713.2 Hz. Comparison of the obtained experimental results and analytical results shows good agreement. The results of these analyses can be used as a base for Si-based piezoresistive micro accelerometer design and performance optimization.
